To assess the significance of macromolecular sequence differences among species, we compared the serum albumins of 81 pairs of vertebrate species capable of producing viable hybrids. Micro-complement fixation experiments showed that the average difference between the albumins within such pairs was only 3 immunological distance units for placental mammals (31 pairs), but 36 units for frogs (50 pairs We think the most likely explanation for the marked molecular restriction on hybridization among mammals is that the ratio of regulatory evolution to protein evolution is higher for mammals than for frogs. Mammals may have experienced unusually rapid regulatory evolution; indeed, this could be the factor responsible for their unusually rapid anatomical evolution.
distance, including those made with DNA annealing techniques. It therefore seems likely that mammalian species pairs capable of hybridization are far more similar at the macromolecular sequence level than is the case for most hybridizable frogs.
We think the most likely explanation for the marked molecular restriction on hybridization among mammals is that the ratio of regulatory evolution to protein evolution is higher for mammals than for frogs. Mammals may have experienced unusually rapid regulatory evolution; indeed, this could be the factor responsible for their unusually rapid anatomical evolution.
There may be two major types of molecular evolution. One is the process of protein evolution, which goes on at about the same rate in all species. The other is a process whose rate is variable and which is responsible for evolutionary changes in anatomy and' way of life. We propose that evolutionary change in regulatory systems accounts for evolution at and beyond the anatomical level. This proposal emerges from attempts to explain the observation that protein evolution and anatomical evolution can proceed independently (1) (2) (3) . This independence is illustrated by protein and anatomical studies on frogs and mammals. Frogs (Anura) are an ancient group that has undergone much protein evolution (1, 2, 4-7) but little anatomical evolution during its 150-million-year history. Although there are thousands of frog species living today, they are all rather alike in anatomy and way of life. By contrast, the placental mammals, which are only 75 million years old, have undergone extensive anatomical evolution. The diversity in anatomy and way of life represented by bats, whales, sloths, and people is unparalleled among frogs. Yet placental mammals have experienced less protein evolution than frogs have. While the rate of protein evolution is similar in the two groups, their rates of anatomical evolution differ greatly (1, -2) . This remarkable contrast between protein evolution and anatomical evolution implies that protein evolution may not be at the basis of anatomical evolution.
For the idea that evolutionary changes in regulatory systems may provide the basis for anatomical evolution, we are indebted to Wolpert (8) , Britten and Davidson (9, 10) , and above all, Ohno (11, 12) . Accordingly, we suggest that the rapid anatomical evolution exhibited by placental mammals is attributable to rapid evolutionary changes in their developmental regulatory systems. Evidence in support of this idea is now presented.
Our evidence comes from studies on interspecific hybridiza- (24) . The results are given in immunological distance units, which are defined elsewhere (14, 20, 24, 25) . Immunological distance (y) is generally related to percent difference in amino-acid sequence (x) by the equation y _ 5x (24) (25) (26) (27) (28) . For the particular case of albumin, there is direct empirical evidence that each unit of immunological distance is roughly equivalent to one amino acid substitution (23) . Although micro-complement fixation measures only the approximate degree of sequence difference between homologous proteins, it is superior to conventional chemical methods in speed and economy (16, 24, 25) .
Albumin Immunological Distance as a Measure of Genetic Distance. We worked mainly with serum albumin, not only because of our considerable experience with the study of species differences in this protein (1, 2, 7, 13-23), but also because albumin evolves faster than most other proteins. Whereas the average rate of protein evolution is 1 amino-acid substitution per 100 residues per 107 years (29) (30) (31) , that of albumin appears to be twice as fast (13) . Albumin is also nearly twice as large as the average protein, having about 580 amino acids in a single polypeptide chain (32) . For these reasons, it is a useful protein for detecting sequence differences among closely related species.
Although we studied primarily albumin, protein evolution proceeds with sufficient regularity (22) nealing non-repeated DNA sequences and to subtract it from the melting temperature of the homoduplexes. By comparing the albumins of the same species whose DNAs were so compared (34, 35), we find that there is a very strong correlation (r = 0.9) between melting temperature difference (ATm) and albumin immunological distance. This is illustrated in Fig. 1 . Hence we believe the immunological distance results given below are indicative of the overall degree of sequence resemblance among the genomes of the species compared. RESULTS Serum Albumin. Table 1 gives the results of the albumin comparisons for 31 pairs of placental mammal species. Gray (36) reports that every one of these pairs can produce viable, full-term interspecific offspring. The albumins of these pairs generally differ by about 3 units (range 0-10), which corresponds to a sequence difference of about 0.6%. It appears that if the albumin sequence difference found within a pair of mammalian species exceeds 2% (i.e., 10 units), the pair is very unlikely to produce a viable hybrid.
Sharply contrasting with the mammal results are the frog results given in Table 2 . The 50 pairs of frogs listed are reported to produce interspecific offspring that successfully metamorphose from tadpole to adult (37) (38) (39) (40) . Yet the albumin differences within these pairs average 37 units (range 0-91), which is about 10 times greater than the average for hybridizable mammal pairs. Indeed, 42 of the 50 frog pairs § showed albumin differences greater than those within any of the mammal pairs in Table 1 . Fig. 2 summarizes the albumin results and illustrates the frog-mammal contrast.
Other Proteins. The large molecular differences within hybridizable frog pairs are not unique to albumin. Immunological comparison of the hemoglobins of several of the Hyla § The low number of frog values in the mammalian range (0-10 units) may result from the fact that frog populations differing from one another by 0-10 units of albumin immunological distance are rarely (except in the case of Bufo species) considered as separate species and hence did not fall within our purview. Thus the wide range of within-pair immunological distance values (0-91 units) found for frogs may be more significant than the average (36 units) in the comparison with mammals. pairs in Table 2 showed immunological distances averaging half of the corresponding albumin immunological distances (7) . This is consistent with the finding in other vertebrate groups, including mammals, that albumin generally evolves twice as fast as hemoglobin (13 (41) . Bird cells, for example, hybridize readily with those of mammals. Yet, at the protein level, the average degree of sequence difference within a pair of mammal species capable of organismal hybridization is at least 100 times smaller than that between birds and mammals. It is even possible for invertebrate cells to hybridize with those of mammals (42) , despite sequence differences which are undoubtedly greater than those between birds and mammals.
Cell hybridization between distantly related species is much easier than organismal hybridization because cell hybrids are exempt from the requirement to develop into an organism. The process of embryonic development involves activation of most of the genes that were inactive in the sperm and egg (43, 44) . For successful development of an interspecific zygote, the two regulatory systems (contributed by the egg and sperm genomes) controlling the expression of such genes must be compatible. As somatic cell hybrids are less subject to such a Proc. Nat. Acad. Sci. USA 71 (1974) Table 2 , the mother would make antibodies against the hybrid fetus, thereby causing abortion. Obviously this phenomenon cannot occur in most frogs, as both fertilization and embryonic development take place outside the mother in the great majority of species, including all those in Table 2 . This hypothesis has the corollary that if lethal immunological interaction between mother and fetus were circumvented, hybrids between mammalian species pairs as distinct in protein sequence as the frog pairs of Table 2 (49) and the ferret X mink cross (50) . No significant improvement in hybrid survival resulted from such treatment. Given continued rapid progress in both our understanding of the immune response and the development of in vitro fetal growth techniques (51), it should soon be possible to conduct more definitive tests of the immunological hypothesis. Until this is done, the available evidence (49, 50) leads us to think that the immunological hypothesis is probably incorrect.
Conclusions
We therefore propose that (a) the chief molecular barriers to interspecific hybridization are the regulatory system differences between the maternal and paternal genomes, which must function in concert if an interspecific zygote is to develop, and (b) anatomical evolution is due chiefly to regulatory system changes, macromolecular sequence changes usually being rather inconsequential.
Further evidence consistent with the regulatory hypothesis will appear in the next issue of these PROCEEDINGS (53) . That evidence, derived from studies on chromosomal evolution in frogs and mammals, will focus attention on the phenomenon of gene rearrangement as a possible means of achieving new systems of regulation.
